We consider an interacting theory with unbroken supersymmetry. Different from usual supersymmetry, our Fermi-Bose symmetry is discrete. As a consequence, this allows to put all exotic superpartners into a hidden sector without breaking the symmetry. In the hidden sector, the new symmetry predicts Lorentz-violating interactions that may be probed gravitationally for a low Planck scale. Apart from its possible relevance for the problem of vacuum energies in the universe, the model provides dark matter candidates in the hidden sector.
INTRODUCTION
Supersymmetry (SUSY) [1] [2] [3] is widely considered the chief candidate for physics beyond the Standard Model (SM) (see, e.g., [4, 5] .) Actually, the unified description of fermions and bosons achieved in SUSY harbors several remarkable and unique features both on the theoretical as well as on the phenomenological side, such as an improved ultraviolet behavior. In its local form, supergravity, offers a very promising possibility for unifying gravity with all other forces of Nature. In fact, SUSY is the only way to combine non-trivially external with internal symmetries [6, 7] . When broken at the TeV scale, it provides a solution to the Higgs mass problem and leads to the attractive prospect of becoming testable at colliders such as the LHC. Moreover, by offering a dark matter candidate, SUSY yields an answer to one of the most pressing questions about the matter composition of the universe (see, e.g., [8] and references therein). However, despite these highly attractive properties, the only striking evidence for SUSY so far is the enhanced unification of the SM gauge couplings. And unfortunately, as long as the mechanism of SUSY breaking [9] is unknown, we are confronted at low energies with a plethora of extra parameters that seem to limit, in practice, its notion as a really predictive theory.
It appears to be an obvious fact that SUSY must be broken. Unbroken SUSY would imply that the SM particles and their predicted superpartners be degenerate in mass and should, in contrast with observation, have already been detected. This holds at least for usual continuous SUSY that describes infinitesimal transformations mixing fermions with bosons. In this paper, we consider, instead, a simple model with an unbroken global Fermion-Boson symmetry that is discrete. We will call this symmetry "discrete SUSY". The involved discrete symmetry transformations share some similarities with the infinitesimal variations of conventional N = 1 SUSY but there are also important differences. In discrete SUSY, e.g., we do not necessarily seek a unification with the Poincaré group or try to give an answer to the Higgs mass problem. Instead, we are mainly interested in its implications for cosmology related to the energy and matter composition of the universe.
The discrete nature of our Fermion-Boson symmetry allows to hide all exotic superpartner fields in a hidden sector, implying that discrete SUSY can be left unbroken, thereby protecting a mass degeneracy between the matter particles and their superpartners. To account for an interacting theory, we discuss the simple case of a Yukawa interaction. The fermions plus the bosons mediating the Yukawa interaction define the visible sector communicating with the hidden sector only gravitationally. This structure roughly resembles the idea of gauge mirror models [10, 11] , but differs in essential ways. In the hidden sector, the discrete SUSY predicts new Lorentzviolating interactions that are transmitted to the visible sector only gravitationally at the loop level and can, thus, lead only to small observable effects. Just as continuous SUSY, our discrete symmetry predicts stable dark matter candidates residing in the hidden sector.
SCALAR-FERMION SECTOR
We will be concerned here first with the free theory of scalars and fermions in four dimensions that have the Lagrangians
and
where A and B are real scalar fields, Ψ is a Majorana fermion field, and m is the mass. In (1), we have, as usual, µ = 0, 1, 2, 3, ¡ ∂ = γ µ ∂ µ , Ψ = Ψ † γ 0 , and we adopt the chiral representation for the gamma matrices that are given by
where σ i (i = 1, 2, 3) are the Pauli matrices. The Majorana spinor in (1b) reads
where ψ 1 and ψ 2 and their complex conjugates are Grassmann numbers. The scalar sector contains two degrees of freedom on-and off-shell, whereas the fermion sector has two degrees of freedom on-shell and four degrees of freedom off-shell. Fermi-Bose balance is therefore maintained for the total system on-shell. We will later extend the free theory described here to an interacting theory by including a Yukawa interaction. Usual SUSY transformations are continuous and described by infinitesimal variations of the fields. As a consequence, they mix fermionic and bosonic degrees of freedom. In a Lagrangian with unbroken continuous SUSY, invariance under the SUSY transformations occurs through a cancellation of the terms becoming proportional to the infinitesimal SUSY parameter describing the transformation. For example, the action for the sum (1) is invariant under the transformation
with the infinitesimal variations
where γ 5 = iγ 0 γ 1 γ 2 γ 3 and ζ is a Grasmmann-valued Majorana spinor with mass dimension −1/2 that parameterizes the infinitesimal transformation. The Lagrangian L 0 along with (4) is, of course, just the on-shell formulation of the Wess-Zumino model.
In the following, we wish to introduce a finite SUSY transformation that does not mix fermions with bosons but completely interchanges the fermionic degrees of freedom with the bosonic ones and vice versa. Different from the continuous case, the SUSY parameter describing such a discrete finite symmetry will appear explicitly in the Lagrangians so that we choose this parameter to be c-number-valued instead of being Grassmann-numbervalued as in (4b). In formulating our discrete symmetry, we will try to stick as closely as possible to the familiar continuous case, but will nevertheless have to expect significant departures from the structure of the field variations in (4b).
DISCRETE SUSY TRANSFORMATIONS
To implement the discrete SUSY, we will represent the scalar and fermionic fields introduced in (1) and (3) by the block-diagonal 4 × 4 matrices
where i, j = 1, 2, 3, 4. The components of the matrixvalued fields are then A 11 = 0, A 12 = A, A 21 = −A, etc.
(correspondingly for B ij ) and
The Lagrangians in (1) can be written in terms of these components as
where ξ 1 and ξ 2 denote the four-component objects
which are c-number-valued, whereas
are Grassmann-number-valued Majorana spinors. Inserting the components in (5) explicitly, ξ 1 and ξ 2 become ξ 1,2 → ±(A, B, A, B) T , while Ψ 1 and Ψ 2 take both the form Ψ 1,2 → Ψ. We, thus, immediately see that L s and L f in (6) reproduce the expressions for the Lagrangians in (1) . Unless otherwise stated, we will from now on refer to L s and L f as defined in (6).
Let us now arrange the quantities in (7) into two multiplets as
which have both mass-dimension one. We then define a discrete SUSY transformation acting on the φ 1,2 by
where the symmetry operators Q 1 and Q 2 are given by the matrices
and where c 1 , c 2 are some ordinary real numbers. In the free theory, we set c 1 = c 2 = 1 but will allow in general also other values, e.g., when considering the interacting theory. Note that the discrete transformations in (9) exhibit some similarities with the infinitesimal variations of the fields (4b) for the continuous case. The discrete SUSY transformations partly resemble also features of SUSY quantum mechanics [12] .
DISCRETE SUSY INVARIANCES
Under the discrete transformations in (9), the scalar Lagrangian in (6) gets transformed as
where we have set c 1 = 1 and used, after partial integration, the equation of motion for Ψ 1 . The fermionic Lagrangian in (6) gets mapped by (9) onto
where we have set c 2 = 1 and used, after partial integration, the equations of motion for the scalar fields to let the square bracket vanish. In total, we see that the discrete SUSY transformations in (9) map in (6) the scalar onto the fermionic Lagrangian and vice versa, when using the equations of motion. The transformations in (9) therefore describe an on-shell discrete symmetry. We see from the relations in (10) and (11) that the total free Lagrangian L 0 = L s + L f can, using the equations of motion, also be put for the multiplets φ 1 and φ 2 into the alternative forms
where we have introduced the matrixγ 0 = diag(γ 0 , γ 0 ). Note that the two expressions resemble respectively the Lagrangians for Klein-Gordon fields and a Majorana fermion.
Let us now summarize the result of successive discrete transformations of the scalar and fermionic fields. Under two successive discrete SUSY transformations, the scalar object ξ 1 is mapped as follows
and correspondingly for ξ 2 , with Ψ * 1 replaced by Ψ 2 and (i ¡ ∂ + m) * replaced by (i ¡ ∂ + m). On the other hand, Ψ * 1 is mapped under the same transformations as
where we have used in the last step the equations of motion for Ψ * 1 , and correspondingly for Ψ 2 , with ξ 1 replaced by ξ 2 and (i ¡ ∂ + m) * replaced by (i ¡ ∂ + m).
MODEL FOR YUKAWA INTERACTION
So far, we have been studying on-shell discrete SUSY for the free theory of matter fields only. Let us now consider an interacting theory by including a Yukawa interaction for Ψ. In doing so, we will assume that the discrete SUSY transformations (9) are formulated in the interaction (Dirac) picture, where the fields are subject to the free field equations of motion even in presence of the interaction.
To implement the Yukawa interaction, we introduce a copy of the matter sector discussed earlier, which is described by representations and Lagrangians L ′ s and L ′ f for the scalars and fermions that are identical to those given in (5) and (6), but where all fields are now replaced by primed fields A ′ , B ′ , Ψ ′ , etc. The primed fields have a mass m ′ that needs not be equal to m. This new sector is then invariant under discrete SUSY transformations analogous to (9) , (13), and (14) . We let the new sector couple to the matter sector discussed previously via the Yukawa interaction 
The expression in (15) manifestly establishes the invariance of the Yukawa interaction after two discrete SUSY transformations. From (13) and (14), we obtain that (15) becomes after the first and the second discrete SUSY transformation , all equal to one, we can always use the equations of motion to rescale the free parts of the Lagrangians after application of the discrete SUSY transformations and thus establish invariance of the total Lagrangian under these operations on-shell.
The total Lagrangian of the interacting model, invariant under the discrete SUSY transformations, is then given by
where
, and L ¡ L , a hidden sector. While L f represents our usual matter fields, their scalar superpartners are mass degenerate but cannot be directly observed because they are confined to the hidden sector. This allows discrete SUSY to be left unbroken without running into immediate conflict with observation. The visible and the hidden sector can communicate only gravitationally.
The interaction L ¡ L violates Lorent invariance (see, e.g., [15] and references therein) but the Lorentz-violating effects can be transmitted to the visible sector gravitationally only at the loop-level and will therefore be suppressed by at least four powers of the Planck scale M Pl ≃ 10
18 GeV, which should be sufficiently small to be in agreement with current bounds. Apart from L Y , there may be additional interactions invariant under the discrete SUSY, but their coupling strengths can be dialed to be small enough to be in agreement with current bounds on Lorentz violation and the non-observation of exotic superpartners, as well.
This model may be relevant for cosmology in at least two ways. First, the hidden sector provides stable scalar or fermionic dark matter candidates with masses m or m ′ . Second, the improved UV behavior of unbroken discrete SUSY may be related to the problem of vacuum energies. To understand the actually observed small but non-zero vacuum energy density in the universe ρ ≃ 10 −47 (GeV) 4 requires, however, an additional explanation.
SUMMARY AND CONCLUSIONS
In this paper, we have presented a model for discrete unbroken on-shell SUSY. The model consist of a visible and a hidden sector. In the visible sector, we have fermions plus scalars that mediate a Yukawa interaction. The hidden sector is the SUSY copy of the visible sector and contains all exotic superpartners. As a result, discrete SUSY can be left unbroken with exotic superpartners that have the same mass as the visible sector particles. The discrete symmetry predicts from the Yukawa interaction in the visible sector Lorentz-violating interactions in the hidden sector that can be transmitted to the visible sector only gravitationally at the loop level.
Similar to conventional SUSY, our discrete FermionBoson symmetry predicts dark matter candidates in the hidden sector that may be bosons or fermions. One possibility to observe the Lorentz-violating interactions may be in scenarios with a lowered Planck scale [16, 17] . Apart from the dark matter candidates provided by the model, the mass degeneracy between particles and their superpartners may be relevant for the problem of vacuum energies in the universe. An explanation of the non-zero value of the observed vacuum energy density, however, would still call for other ideas [14] . The discrete SUSY model is mainly targeting questions relevant for cosmology and exhibits clear differences to conventional SUSY. In its present form, it does not provide a unification with the Poincaré group or offers a solution to the Higgs mass problem which would then require alternative mechanisms for electroweak symmetry breaking [18] . Also, it is not yet clear how the improved gauge coupling unification of continuous SUSY could be achieved for discrete SUSY, too.
As a next step, it would be interesting to extend this model to include also gauge interactions and give a formulation for the SM. Moreover, one should study the role of condensates in the hidden sector that may form due to confinement in QCD. Finally, it would be exciting to attempt an off-shell formulation of the discrete symmetry and try to embed it into a continuous local form to establish also a possible connection with gravity.
